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Introduction
The group A rotavirus (RVA), a member of the genus Rotavirus in the family Reoviridae, is the main causative agent of severe The viral particle is non-enveloped and composed of 11 segments of double-stranded RNA surrounded by a triplelayered protein capsid. The viral genome encode six structural (VP1-VP4, VP6 and VP7) and six non-structural (NSP1-NSP6) proteins. The outer capsid proteins, VP7 and VP4 (cleaved by trypsin into VP5* and VP8*), are involved in the attachment and entry during viral replication in host cells, and each can independently induce the production of neutralizing antibodies. The serotypes defined by VP7 and VP4, as well as their encoding genes, are used to classify rotaviruses into G and P genotypes, respectively, based on a widely used binomial system. 2 Previous studies have demonstrated that RVAs of genotypes G1, G2, G3, G4, G9, and G12, combined with genotypes P [4] or P [8] , are most prevalent among the strains that cause human infection. 3 Events such as point mutations, rearrangements, interspecies transmissions, and reassortments occurring during co-infections with different strains can generate genetic variants with vast inter-and intragenotypic diversity. This high variability and observed fluctuations in the prevalence of dominant genotypes throughout epidemic seasons represent a major challenge for immunization efforts using vaccines currently available for the prevention of severe infections caused by RVAs in many countries. To better characterize the diversity and evolutionary aspects of rotaviruses, a new classification system based on the 11 segments of the RVA genome has recently been proposed, which emphasizes the importance of analyzing other genes in addition to those that encode for the VP7 and VP4 proteins. 4 In this latter classification, the VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6-encoding gene segments are classified as Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (x indicates the number of the genotype), respectively. Genes 6, 10, and 11 encode the VP6, NSP4, and NSP5 proteins, respectively. The VP6 protein has been studied as a possible target for vaccine development, and studies in animals have demonstrated protective immune responses induced by VP6 protein immunization. 5 NSP4 is involved in viral morphogenesis and has enterotoxinlike activity. 6 Last, NSP5 is essential for viroplasm formation, genome replication, and virion assembly, and its gene is most frequently associated with rearrangement events. 2 Since 2005, surveillance of circulating RVA strains has been conducted in the Triângulo Mineiro (TM) region of Minas Gerais State, Brazil. The studies showed that different G-types associated with P [8] co-circulated in 2005 and also that G2P [4] had emerged by mid-2006, continuing as the prevalent genotype until 2010. [7] [8] [9] In this study, we characterized the diversity of the VP7, VP4 (VP8* subunit), VP6, NSP4, and NSP5 genes of representative RVA strains that circulated during six seasons (2005) (2006) (2007) (2008) (2009) (2010) (2011) in the TM region.
Materials and methods

Sample collection
Twenty-seven representative RVA strains from a collection of 117 rotavirus-positive fecal samples from Uberaba (2005 ) and Uberlândia (2008 were selected based on their electropherotypes and VP7 and VP4 genotypes, previously characterized in three-laboratory-based surveillance studies (Table 1) . [7] [8] [9] These previous studies analyzed fecal specimens from children who presented acute gastroenteritis, which were provided by laboratories Jorge Furtado Medicina Diagnóstica (Uberaba) or IPAC Medicina Diagnós-tica (Uberlândia). Information on the vaccination history of the patients was not available. The 27 representative samples were collected from outpatients and inpatients from one hospital in Uberaba and two hospitals in Uberlândia. This study was approved by the Human Research Ethics Committee of Universidade Federal do Triângulo Mineiro (protocol CEP/UFTM/672/06).
RNA extraction, reverse transcription polymerase chain reaction (RT-PCR), and nucleotide (nt) sequencing
The fecal specimens were subjected to nucleic acid extraction, 10 and reverse transcription was carried out using random primers (Invitrogen, Carlsbad, CA, USA) and 
Genotype assignment and phylogenetic analysis
The VP7, VP8*, VP6, NSP4, and NSP5 gene sequences were curated with the Geneious software (Biomatters Ltd., Auckland, New Zealand). To identify the genotypes and evaluate the genetic diversity, the TM samples were compared with the reference strains representing distinct genotypes, lineages, and sublineages and with most similar field samples from different continents, as well as with vaccine strains. The lineages and sublineages of G2, P [4] , I2, E2, and H2 samples were previously suggested by Giammanco et al., 16 whereas the G1, G9, G12, G8, G3, and P [8] lineages and sublineages were described by Phan et al., 17, 18 Rahman et al., 19 Ianiro et al., 20 Ndze et al., 21 and da Silva et al., 22 respectively. All sequences of the field and reference strains were retrieved from GenBank. Alignments were performed using MUSCLE (Multiple Sequence Comparison by Log-Expectation) and analyzed with the maximum likelihood algorithm. 23, 24 The best-fit model of sequence evolution was estimated by jModelTest according to the Bayesian Information Criterion, and phylogenetic trees were constructed for each gene. The maximum-likelihood trees were generated using selected models of nt substitution, GTR+I+G (VP7), HKY+G (VP8* and NSP5), HKY+G+I (VP6), and TrN+G (NSP4), in the Molecular Evolutionary Genetics Analysis 5.1 software (MEGA Team, Japan). The nomenclature of all rotavirus strains in the trees is listed according to Matthijnssens et al. 25 The UB, IP and MG abbreviations in the nomenclature of the TM samples represent Uberaba, Uberlândia, and Minas Gerais State, respectively.
Nucleotide sequence accession numbers
The nucleotide sequences were deposited in the GenBank database, and the accession numbers are: KF938698-KF938771 for the G2P [4] samples and KR018449-KR018504 for the other G-types. The accession numbers of the strains retrieved from GenBank are shown at the end of each name in the trees.
Results
A total of 130 nt consensus sequences were obtained for the 27 representative TM samples. In four of the samples, at least one of the five target genes was not amplified with the primers used. Based on the VP7 gene, six genotypes were characterized: G1, G2, G3, G8, G9, and G12 (Fig. 1a) . The TM G2 samples shared 95.3-100% and 96.8-100% nt and amino acid (aa) identity, respectively. They belonged to lineage IV, segregating into sublineages IVa-3 and IVa-1. The TM G1 sample belonged to lineage I, sublineage I-A, and shared 94% nt and 95.3% aa identity with the Rotarix TM vaccine strain of lineage II. The TM G9 samples belonged to lineage III and shared 97.3-100% nt and aa identity. The TM G12 samples shared 96.4-100% and 96.7-100% nt and aa identity, respectively. These samples clustered into lineages II (with strains of G12P [9] combination) and III (with strains of G12P [8] and G12P [6] combinations). The TM G8 sample belonged to lineage II; it exhibited high nt (99.3-99.9%) and aa (99.1-100%) identities with other contemporary human P [4] samples from Italy (SS56), USA (USRo104), Germany (GER1H-09), and Brazil (RN19461-08). The TM G3 sample fell into lineage III, in a separate sub-cluster from the prototype strain (AU-1). They only shared 90.7% nt and 94.9% aa identity, but the TM G3 sample showed higher identity (nt, 99.1%; aa, 98.4%) with a cat sample (BA222) isolated from Italy.
Based on the VP8* gene, the TM samples were distributed among P [8] -and P [4] -types (Fig. 1b) . The TM P [4] samples shared 96.2-100% and 95.2-100% nt and aa identity, respectively. These samples belonged to lineage IV and split into sublineages IVa and IVb. The TM P [8] samples showed 96.5-100% nt and 95.6-100% aa identity. They belonged to lineage P[8]-3 and were divided between sublineages P[8]-3.1, P [8]-3.3, and P[8]-3.6 , regardless of the combinations with the G genotypes.
Based on the VP6 gene, the TM samples belonged to I1, I2, and I3 genotypes (Fig. 1c) . The TM I2 strains showed 95.9-100% and 99.1-100% nt and aa identity, respectively, and clustered together with other strains identified within lineage VII worldwide. All I2 strains shared P [4] genotype specificity and formed two main sub-clusters (a and b) with their separation supported by a high bootstrap value (100%). The TM samples that grouped into cluster I3 exhibited G12 specificity and showed high nt (99.4-100%) and aa (100%) identities to the reference sample (T152) of the G12P [9] combination. The TM I1 samples shared an nt identity of 94.7-100% and an aa identity of 98.2-100%. They grouped apart from the prototype (Wa) and vaccine-derived (Rotarix TM ) strains. The TM I1 samples shared 87.3-100% nt and 95.6-100% aa identity with these reference strains, and the majority shared P [8] genotype specificity.
Based on the NSP4 gene, the TM samples were distributed among the E2, E1, and E3 genotypes (Fig. 1d) . The TM E2 samples shared 85.0-100% nt and 94.0-100% aa identity. They were subdivided between the clusters of lineages VI, X, and XII, composed of strains with P [4] specificity. The TM samples of lineage VI formed two phylogenetic sub-clusters (a and b), with their separation supported by a high bootstrap value (99%). TM strains UB-239 and UB-226 displayed high nt (95.7-100%) and aa (97.7-100%) identities with the bovine 1603 27 These four strains did not group with any cluster of the previously established lineages. 16 The TM E1 samples shared 91.7-100% and 92.8-100% nt and aa identity, respectively, and the majority of the strains had the P [8] genotype. The TM E3 samples showed 88.7% and 94.0% nt and aa identity, respectively. They grouped with strains that had genotype P [9] combined with G3, G6, or G12.
Based on the NSP5 gene, the TM samples were distributed among the H1, H6, H3, and H2 genotypes (Fig. 1e) . The TM H1 samples shared nt and aa identities in the ranges of 97.3-100% and 99.0-100%, respectively. They grouped with field samples of P [8] specificity and clustered apart from the prototypes, Wa and KU, and the vaccine-derived (Rotarix TM ) strain. The nt identity with these reference strains was 92.3-100%, and the aa identity was 93.9-100%. The TM H6 samples were identical and clustered together with samples exhibiting the G12P [9] combination. They were closely related (nt identity, 94.3%; aa identity, 98.5%) to a simian RVA strain (RRV). The TM H3 sample (IP-218) grouped apart from the prototype (AU-1) and vaccine (RotaTeq TM ) strains, with which it showed the nt identity of 93.3-95.2% and the aa identity of 92.9-96.0%. At the same time, sample IP-218 showed high nt (98.7%) and aa (97.5%) identities with a cat sample (BA222) of G3P [9] specificity. The TM H2 samples shared the nt identity of 97.2-99.9% and the aa identity of 98.5-100%. They grouped with P [4] strains into two main sub-clusters (a and b) within lineage III. The classification of the TM samples by genotypes, lineages, and sublineages on the basis of phylogenetic analysis of the five studied genes is summarized in Table 2 . When analyzing the TM samples according to their genotypes, four types of combinations (or genetic constellations) could be observed. The first one consisted of samples that exhibited genotypes G1, G9, or G12 associated with P[8]-I1-E1-H1 and had long electropherotypes. The second one was composed of samples that showed genotypes G2 or G8 associated with P[4]-I2-E2-H2 and had short electropherotypes. The third one included samples exhibiting the G12 genotype combined with I3-E3-H6 and having long electropherotypes, and the fourth one was formed by a sample with genotype G3 associated with P[4]-I2-E3-H3 and having a long electropherotype (Table 2) . According to the clustering patterns of the TM G2P [4] samples in the dendrograms for different genes, shown in Fig. 1 , some samples always grouped together within the same clusters. However, other samples changed their grouping patterns, clustering with different samples depending on the gene, which is suggestive of intra-genotypic reassortment in particular genes. This was observed for strains IP-364 (VP7 gene), UB-354, UB-432, UB-320, and IP-71 (VP8* gene), IP-71 and IP-393 (VP6 gene), IP-346, UB-239, and UB-226 (NSP4 gene), and UB-354, UB-432, and IP-71 (NSP5 gene). Strains UB-154, UB-170, UB-299, IP-47, UB-433, and IP-38 are probably non-reassortant strains, at least with regard to the genes studied.
Discussion
In the TM samples, genotype G2 was found to be always associated with the P [4] , I2, E2, and H2 genotypes, whereas the G1 and G9 genotypes were combined with the P[8]-I1-E1-H1 genotypes ( Table 2 ). The genotype combination G2-P[4]-I2-E2-H2 is characteristic of the DS-1-like genotype constellation, while G1-P[8]-I1-E1-H1 and G9-P[8]-I1-E1-H1 are typical combinations of the Wa-like genotype constellation. These two genotype constellations are found most commonly worldwide. 28 Despite having a typical DS-1-like constellation for all genes, the TM G2P [4] samples were shown to belong to lineages distinct from that of the DS-1 prototype strain, as already reported for contemporary samples. 16, 27, 29 Based on the VP7 gene, the G2P [4] samples were detected within sublineage IVa (Fig. 1a) . This sublineage emerged in the 1990s and rapidly became the most common sublineage found around the world. The spread of this sublineage was associated with an amino acid substitution from aspartic acid (found in the DS-1 prototype strain) to asparagine at residue 96 (D96N) and with the occurrence of reassortment events in G2 strains. 29 These two mechanisms of variability were also observed in this study (aa data not shown).
Sublineage G2P [4] -IVa-1 of VP7 was found from August 2006 to June 2007 in samples from hospitalized patients and outpatients from Uberaba, followed by the detection of sublineage IVa-3 since August 2007 (Table 2) . In Uberlândia, all samples belonged to sublineage IVa-3, except IP-364. Sublineages IVa and IVb of the VP8* gene also seemed to have emerged consecutively in Uberaba. This apparent pattern of temporal segregation of the sublineages of the VP7 and VP8* genes has also been described in other regions of Brazil and for Italian samples. 16, 27 An apparent temporal segregation within the G2P [4] lineages from Uberaba was also observed for the VP6, NSP4, and NSP5 genes. Therefore, based on the analyses of the five genes, it seems that a new genetic variant exhibiting the combination of sublineages IVa-3 (VP7), IVb (VP8*), VIIb (VP6), X (NSP4), and IIIb (NSP5) began circulating in Uberaba in September 2008 (UB-433) and was also detected in September 2008 (IP-47) and in September 2010 (IP-393) in Uberlândia, corroborating the results obtained by Gómez et al. who characterized circulation of a new lineage in the southeast region of Brazil. 27 Samples UB-226 and UB-239 shared high identity in the NSP4 gene with a cow strain (1603). This result is in agreement with the findings of Matthijnssens et al. who revealed a common origin between human DS-1-like and bovine strains. 30 The G8 genotype is believed to be of bovine origin, but strains with this genotype were also isolated from several other hosts, including humans, and have been detected sporadically in Brazil. 3 The TM G8 sample (IP-447) is closely related to other human RVA strains, such as SS56 from Italy 20 and GER1H-09 from Germany, 31 sharing the same G8-II lineage. There is evidence that strains of this lineage do not represent a result of recent interspecies transmission, 20, 31 contrary to what was seen with some G8 strains identified in Brazilian Indian children. 32 The TM G8 sample (IP-447) was genotyped as P [4] -I2-E2-H2, and based on the five genes it was associated with sample GER1H-09, which was described as probably representing an intergenotypic reassortant sample between the G8 genotype and human DS-1-like rotaviruses. 31 Analysis of the VP7 gene showed that the TM G1P [8] sample (UB-09) detected in 2005, i.e., before the Rotarix TM introduction, belonged to lineage I, which, along with lineage II, represents the most prevalent lineages since the 1990s in Brazil. Through phylogenetic analysis of the VP8* gene, it was possible to verify that UB-09 belonged to lineage P[8]-3, which is believed to be the only lineage currently circulating in Brazil. 33 This sample fell into sublineage P[8]-3.1, which has been shown to be most prevalent in Brazil in recent years. 22 The phylogenetic analysis of the VP7 gene from the TM G9 strains revealed that they belonged to lineage III and were closely related to strains detected on at least three continents. These results are in agreement with previous findings that showed the worldwide spread of this lineage. 34 When analyzing the VP8* gene, circulation of three sublineages (P [8]-3.6, P[8]-3.3, and P[8]-3.1) was observed in the TM region. Sublineage P[8]-3.6 was only observed in Brazil after the introduction of the Rotarix TM vaccine. 22 Genotype G12 was first detected in the fecal matter of children from Philippines in 1987. It had not been reported for about 10 years and then rapidly spread globally. It is believed that lineage III was the main lineage responsible for the spread of G12 worldwide. 34 This lineage has been reported to be found most often in combination with the P [6] or P [8] genotypes. 28 One TM G12 sample (UB-146) was found to belong to this lineage and to have the P[8]-I1-E1-H1 genotype combination. This allele combination (Wa-like) is most commonly found for G12, but this genotype can also be found, although at a much lower frequency, associated with P[9]-I3-E3-H3, which are AU-1-like genotypes. 28 Two other TM G12 samples (UB-144 and UB-150) presented AU-1-like genotypes. They also exhibited the H6 genotype, which showed a high nt identity with simian RVA; therefore, it seems that the TM G12 samples have different origins, as has also been observed in another study from Brazil. 35 TM samples UB-144 and UB-150 were closely related to reference strain T152 based on all analyzed genes, and there is evidence that the NSP5 gene of this sample is of animal origin. 19 According to the phylogenetic trees, the G12-Px-I3-E3/x-H6 strains probably possess P [9] specificity. The number of non-typable RVA strains depends on the number of genotypespecific primers used for RT-PCR genotyping. The genotyping failure is relatively high, given today's technology, and may represent a low viral load or unusual genotypes (e.g., originating from zoonotic transmission) that are not able to be detected with the primers used. 36 Furthermore, the PCR primers may have become outdated due to mutations in the primer-binding sites during co-circulation of wild-type RVAs over the years. 37 RVAs of the G3 genotype have several hosts and are commonly found associated with the P [8] genotype in humans. The G3 sample of long electropherotype (IP-218) associated with the P [4] genotype was once detected in the region. 8 Although this combination is unusual, the G3P [4] genotype was responsible for an outbreak of diarrhea in 1998 in Juiz de Fora, Brazil. 38 In the IP-218 sample, a combination with the I2-E3-H3 genotype was found. The evidence of reassortment between G3 samples and typical G2P [4] strains (P[4]-I2-E2-H2) has already been provided 39 ; however, to our knowledge, this is the first time when the combination G3-P[4]-I2-E3-H3 is reported.
Based on the VP7 and NSP5 genes, G3 sample IP-218 fell into the cluster of the prototype strain (AU-1) with an RVA strain isolated from cat (BA222). Based on the VP8* and VP6 genes, it was closely related to human rotaviruses that share DS-1-like genotypes. Therefore, the IP-218 sample probably represents a reassortment between AU-1-like and DS-1-like strains, and it would be interesting to characterize the other genome segments of this sample. A close relationship between human G3 RVAs and feline strains has previously been described in Brazil 40, 41 and other countries. 42 The phylogenetic analyses of the five genes from the G2P [4] strains showed that various reassortment events likely occurred from 2006 to 2010 in the TM region, which is consistent with the findings from other studies conducted in Brazil and Italy. 16, 27 Both co-circulation of different genetic variants and a significant migration flow between countries contribute to the occurrence of reassortment events. Interestingly, a recent study in Nashville, TN, USA, 43 described the cocirculation of genetic variants that probably only underwent antigenic drifts without the occurrence of reassortments. This disparity in results may be due to a short period (2010) (2011) examined in the above study.
In this study, we characterized, based on five genes, the genetic diversity of RVA strains representative of six seasons in the TM region. A great intragenotypic diversity was observed among the G2P [4] samples, with an apparent pattern of temporal segregation within the lineages or sublineages. The occurrence of intergenotypic reassortment events was evident, leading, in particular, to a combination of genotypes not previously reported (G3-P[4]-I2-E3-H3). Five TM samples contained genes that exhibited high nt and aa identities with strains of animal origin. These results highlight the importance of studying diversity of human and animal rotaviruses in order to better understand the mechanisms and the frequency of interspecies transmission. The data of this study cover a period pre-and post-introduction of rotavirus vaccination in all Brazilian territories, thereby serving as a basis for monitoring changes in the genetic constitution of rotaviruses. These changes can influence the viral fitness and the effectiveness of vaccines over time. The present study also contributes to the understanding of the genetic diversity and evolution of rotaviruses in a global context.
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